Abstract. Fast pyrolysis of a Dachengzi
Introduction
Oil shale is defined as a fine-grained sedimentary rock which can produce oil through pyrolysis in the absence of air [1] . With the second largest reserve in solid fossil fuels, it is deemed as one of the most promising sources of substitutes for petroleum [2] . The pyrolysis products of oil shale include oil, gas and char [3, 4] . The amount and quality of the shale oil produced are the most focused aspects which will determine the process feasibility both technically and economically [1] . Compared with conventional crude oil, shale oil has higher contents of heteroatomic compounds which will cause troubles during utilization such as fuel instability and air  Corresponding author: e-mail xiuminjiang@sjtu.edu.cn pollution [5, 6] . Consequently, it is important to identify the chemical composition of shale oil and study its variation trends under different conditions.
Many researches have been done on the shale oil properties. Rovere et al. [7] separated the chemical classes of shale oils by low pressure liquid chromatography. Fletcher et al. [8] identified the carbon types in shale oil by 13 C NMR and studied their relations with pyrolysis conditions. Tong et al. [9] studied the characteristics of nitrogen-containing species in Huadian shale oil by electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry and found that the basic nitrogen classes in Huadian shale oil include N 1 , N 1 O 1 , N 1 O 2 , N 1 O 3 , N 1 S 1 and N 2 classes. Tiwari et al. [1] made the compositional analysis of oil shale using TGA-MS to study the changes in the products distribution during the pyrolysis process.
Among all the analysis methods, pyrolysis coupled with gas chromatographic separation and mass spectroscopic detection (Py-GC-MS) plays a very important role in the field of analytical pyrolysis. The gas chromatography-mass spectroscopy (GC-MS) analysis is a widely used method to evaluate the oil products of pyrolysis in both fossil and biomass fuels [10] [11] [12] . The shale oil compositional measurements have been taken using GC-MS in many studies [13] [14] [15] . Py-GC-MS allows direct chromatographic separation of the gaseous products evolved from the pyrolysis process. It has been reportedly used in the identification of pyrolysis products of biomasses and fossil fuels [16] [17] [18] [19] .
Heating rate is one of the most important parameters which affect the pyrolysis process, including the release and composition of volatiles [20] . Based on heating rate, the process is generally divided into four types: slow, medium, fast and flash. The respective heating rates are of the order of magnitude of 10 1 K/s, 10 2 -10 3 K/s, 10 4 -10 5 K/s and up to 10 6 K/s [21] . Niksa and Lau [22] did researches on various coal types and found that when the heating rate increased by one order of magnitude, the pyrolysis rate would increase five times. Yanik et al. [23] investigated both slow and fast pyrolysis of oil shale samples from the Göynük Himmetoğlu deposit, and noticed that the oil yield by fast pyrolysis (35.1% at 550 °C) was much higher than that in slow pyrolysis (23.0% at 550 °C). The fast pyrolysis extract had a much higher proportion in the aliphatic fraction with a chain length longer than C 20 . The secondary cracking reactions of products occurring during the slow pyrolysis raised the uncondensable gas yield and at the same time made the oil yield, especially heavy oil yield, decrease. On the contrary, secondary cracking reactions in the fast pyrolysis were reduced to a large extent, leading to the higher oil yield and heavy fraction proportion. It is necessary to conduct researches on fast pyrolysis systematically to get knowledge about the pyrolysis process and reaction mechanisms.
A Curie-point pyrolyzer is a high-frequency induction heating pyrolysis instrument of medium heating rate. The heating rate of the Curie-point pyrolyzer may reach 5000 °C/s, which means that it only needs 0.1-0.2 s to heat the sample from room temperature to the reaction temperature.
Consequently, the sample undergoes homogeneous thermal decomposition at a specific temperature. The Curie-point pyrolyzer combined with a gas chromatographic separator and a mass spectroscopic detector (CP-GC-MS) may give accurate qualitative and quantitative analytical data on the organic substances in the pyrolysis products without pre-treatment or separation. CP-GC-MS is a widely used apparatus in pyrolysis analysis of biomass, coal, oil shale, etc. [24] [25] [26] [27] , and offers excellent accuracy, sensitivity, specificity and reproducibility [28] . In this article, the CP-GC-MS method is used to study the distribution of the pyrolysis products of Dachengzi oil shale at nine different temperatures and thus get knowledge about the fast pyrolysis regularities and information on the kerogen macromolecular structure.
Experimental section

Oil shale sample preparation
The oil shale sample analyzed in this work was obtained from Dachengzi mine located in Huadian city, China. Results of proximate and ultimate analyses of the sample are given in Table 1 . Considering the National Standards of China (GB 474-1996) , the oil shale sample was sampled, crushed, ground, and sieved to the size range of 0-0.25 mm, and then stored in a desiccator for use. 
Instruments and methods
The fast pyrolysis experiments of Dachengzi oil shale were conducted on a set of combined instruments including a Curie-point pyrolyzer, a gas chromatograph and a mass spectrometer. The whole experiment process could be classified into two main parts -pyrolysis and analysis. The pyrolysis process took place in a JHP-5 Curie-point pyrolyzer, while the analysis process was carried out with an Agilent 6890N/5973N gas chromatographmass spectrometer. The gas outlet of the pyrolyzer was connected to the sample introduction chamber of the GC-MS by a connecting tube heated to 350 °C. The schematic diagram of the CP-GC-MS system has been shown in [29] .
In the Curie-point pyrolyzer, the pyrolysis temperature was dependent on the material properties of the ferromagnetic foils in which the sample was wrapped. Foils made with different ferromagnetic materials had different Curie-point temperatures. The ferromagnetic foils were induction heated by a radio frequency field. Therefore, they could rapidly reach the Curie-point temperatures of ferromagnetic materials in less than 100 ms. At the Curiepoint temperatures, the materials would lose their magnetic properties so that very precisely controlled temperatures were obtained. Nine independent tests using nine different ferromagnetic foils with Curie-point temperatures of 225, 280, 315, 386, 423, 485, 590, 650 and 764 °C, respectively, were conducted under He atmosphere in this research. In each test, about 1 mg sample was applied and the reaction time was 5 s. The pyrolysis products in the Curie-point pyrolyzer were transferred online to the GC-MS instruments to identify the components.
In gas chromatography, the column used was a 30 m HP-5 MS fused silica capillary column (I.D. 0.25 mm, film thickness 0.25 μm). The temperature of the GC oven was kept at 45 °C for 4 min and subsequently programmed to 280 °C at 3 K/min and then kept for 15 min. The inlet temperature was 250 °C and the detector temperature was 280 °C. Helium was adopted to be the carrier gas with a flow rate of 1.0 mL/min, and the split ratio was 100:1. The mass spectrometer was operated at 70 eV in the electron ionization mode, scanning from 50 to 550 amu. The ion source temperature was 230 °C. The pyrolysis products were identified and analyzed by searching the NIST11 mass spectrometry library, and the software of Agilent MSD Productivity ChemStation. The product contents were determined by the area normalization method. Compound concentrations were calculated by integrating their corresponding gas chromatographic peak areas and the summed areas of the peaks were normalized to 100%. To ensure the reproducibility of experiments, each test was conducted twice.
Results and discussion
The most dominant Dachengzi shale oil components of Curie-point pyrolysis were aliphatic hydrocarbons. This is consistent with the solid-state 13 C NMR results obtained by Tong et al. [30] who established that the carbon skeletal structure of this kerogen consisted of 86.1% of a fairly high aliphatic carbon fraction. This also agrees with the results of the Curie-point pyrolysis conducted with Mol, Bure and Tournemire oil shales at 358 °C and 650 °C [27] .
In the CP-GC-MS tests, oil yields were hard to estimate. To estimate the oil yields at different temperatures, the total ion current peak area per milligram sample was used to give general information about the yields. Figure 1 shows the variation of the total peak area per milligram oil shale sample by contrasting with the maximum value. It can be seen that at low temperatures the cracking reaction of kerogen was not intense. However, at about 400 °C there was an obvious increase in oil yield, indicating that the pyrolysis process strengthened. There was a maximum point at about 550 °C, and then the oil yield decreased with increasing temperature. ("Others" stands for the components not identified with enough match quality.) Figure 2 shows the distribution of the main classes of components of the shale oils obtained at different Curie-point temperatures. At temperatures below 400 °C, the pyrolysis reactions were quite slow so that only a few products were generated. At lower temperatures the clearly defined components (match quality > 80%) included mainly alkanes, oxygen-containing compounds and some heteroatomic compounds. When the temperature was higher than 400 °C, the reactions became intense, affording large amounts of alkenes, cycloalkanes and aromatic compounds in the oil components.
Distribution of alkanes
Alkanes in the oils are, according to structure, divided into three classes: n-alkanes, branched alkanes and cycloalkanes, their distribution is shown in Figure 2 .
Distribution of n-alkanes
As noted in the literature [31, 32] , aliphatic hydrocarbons are the major components of shale oil. Yürüm and Levy [32] carried out researches on the fractions of crude shale oil and found that the content of aliphatics was 53.45%. Figure 3 shows the distribution of n-alkanes at nine different Curiepoint temperatures. It can be seen that as the temperature increased, the alkane species amount increased obviously, indicating that the decomposition reaction was intensified with the change of temperature. At 225 and 280 °C, there were only few alkanes in the components. When the temperature was below or equal to 423 °C, n-alkanes with a carbon number smaller than 20 seldom appeared, but when the temperature was above 423 °C, their amount increased gradually with increasing temperature. At higher temperatures, alkanes were partly generated from the cracking of kerogen, while the other part resulted to some extent from the thermal cracking of hydrocarbons. The long-chain alkanes got cracked via a free radical reaction mechanism, producing an olefin and a shorter alkyl radica1 [33] . Then the new radical would either crack further or form a new short-chain alkane by combination with a hydrogen radical [34] .
Distribution of branched alkanes
Advanced analysis of alkanes revealed that branched alkanes rarely appeared in the pyrolysis products. When the temperature was below 485 °C, there were no branched alkanes in the oils generated; when the temperature was equal to or above 485 °C, only one or two kinds of branched alkanes were identified in the oils. 2,6,10,14-Tetramethyl-7-(3-methylpent-4-enylidene) pentadecane was identified in the pyrolysis products when the temperature was equal to or above 590 °C, indicating that this compound is a part of the kerogen macromolecular structure. The rare existence of branched alkanes proves that the C-C bond at the branched point of the kerogen macromolecular structure is much easier to break, so that n-alkanes have an absolutely large proportion in alkanes.
Distribution of cycloalkanes
In contrast to the very small amount of branched alkanes, cycloalkanes were relatively abundant. When the temperature was below 485 °C, no cycloalkanes appeared in the oil components; when the temperature reached 485 °C, cycloalkanes were generated and their variety and total content grew with increasing temperature. At temperatures of 590, 650 and 764 °C, cycloalkanes occupied a relatively large proportion in the oil components. The distribution of cycloalkanes is shown in Table 2 . It can be seen that with the increase of temperature, the content of most cycloalkanes increased, indicating that the cyclization reaction was accelerated at higher temperatures. A kind of bicyclic alkane, cis-bicyclo[10.8.0]eicosane, was detected in the oil components at 590 °C, 650 °C and 764 °C, and its proportion also increased with increasing temperature.
Cycloalkanes are partly produced by the separation of cycloalkyls from kerogen and partly generated by the cyclization reactions of alkanes and alkenes. At higher temperatures, plenty of alkyls depart from kerogen, and the amount of alkenes increases. This will provide more suitable conditions for the cyclization reactions. 
Distribution of alkenes
Based on the experimental results, it was found that no alkenes were generated in the oil components when the Curie-point temperature was below 386 °C. But when the temperature was equal to or above 386 °C, alkenes appeared and both their variety and amount increased with the temperature rising. Figure 4 shows the distribution of alkenes at different Curiepoint temperatures. Through comparison it could be discovered that at lower temperatures the alkenes with shorter carbon chains were quite few, but with increasing pyrolysis temperature, the amount of the relatively small molecule alkenes increased. Alkenes in shale oil were mainly generated in the cleavage of alkane molecules. The large molecule alkanes tend to be decomposed, generating small molecule and unsaturated hydrocarbons. This is consistent with the conclusion presented below that α-alkenes formed the majority of all alkenes. The proportion of alkenes in the oil components was high, the ratios being the following: 4.36% (386 °C), 24.85% (423 °C) 21.44% (485 °C), 33.46% (590 °C), 31.71% (650 °C) and 32.46% (764 °C). So it can be concluded that in the fast pyrolysis of oil shale, alkenes, which could be con verted to alkanes, occupy a large part in the oil to be utilized as liquid fuel after refining.
Among alkenes, mono-alkene constituted the largest proportion, while the ratio of alkadiene and polyene was quite small. The mono-alkene and alkadiene ratios at six different pyrolysis temperatures are listed in Table 3 . There was only one kind of polyene, squalene, detected in the oil components at 386 °C, being also the only polyene found in the oil components under all conditions. It was clearly revealed that when the temperature reached 423 °C, the proportion of mono-alkene sharply increased and remained high at high temperatures. In mono-alkene components, α-alkenes occupied 100%, 74.3%, 72.1%, 52.1%, 51.2% and 54.2% of total monoalkenes respectively at 386 °C, 423 °C, 485 °C, 590 °C, 650 °C and 764 °C. It can be concluded that α-alkenes mostly accounted for the majority of total mono-alkenes, and more intermediate olefins were generated at higher temperatures. This illustrated from another aspect that the scission reactions were easier to take place than the dehydrogenation reactions. Alkadienes appeared when the temperature reached 590 °C and then their amount grew fast with the increase of temperature. Alkadienes were mostly formed when the two C=C bonds appeared at the two ends of carbon chains. This was mainly because of the cleavage of α-alkenes in the high temperature pyrolysis. 
Distribution of aromatic compounds
The identified aromatic compounds in the oils produced in the Curie-point pyrolysis experiments are listed in Table 4 . It can be seen that aromatic compounds were generated when the temperature reached 423 °C and their varieties increased significantly with increasing temperature above 590 °C. Pyrolysis experiments with coal, kerogen and biomacromolecular substances at about 600 to 700 °C are most common in the literature to study structural properties because it is thought that the product distribution could more closely reflect the various structural elements of macromolecular materials [35] . At both 423 °C and 485 °C only one kind of heterocyclic compound, 1,2-benzisothiazole, 3-(hexahydro-1H-azepin-1-yl)-, 1,1-dioxide, was identified, but when the temperature reached 590 °C, more than six aromatic compounds were detected. Hydrocarbyl benzene appeared in the oil compo- nents at higher temperatures -590 °C, 650 °C and 764 °C, and its amount also increased gradually with increasing temperature. Compared with the proportion of aliphatic compounds, the amount of aromatic compounds was quite small, which indicated that the aromaticity of the kerogen of Dachengzi oil shale was quite low. This conclusion is consistent with the 13 C NMR results of kerogen [30] .
The high content of aliphatic hydrocarbons and low content of aromatic compounds reveal that the skeletal structure of oil shale kerogen is mainly composed of long-chain aliphatic alkyls and few aromatic rings. Through analysis of the aromatic compounds generated at different Curie-point temperatures, especially at higher temperatures, it could be found that the condensed aromatic hydrocarbons of naphthalene existed in the macromolecular structure of kerogen. The substituent atoms of aromatic rings belonged mostly to aliphatic carbon and partly to organic oxygen. These results are in accord with the conclusions drawn by Tong et al. [30] .
Distribution of oxygen-containing compounds
Compared with petroleum, shale oil contains a significantly higher amount of non-hydrocarbon constituents [36] , of which oxygen-containing compounds represent a major portion. Oxygen-containing compounds, including ketones, acids, alcohols, esters and phenols, were found in the shale oils as the Curie-point pyrolysis products. The oxygen-containing compounds (phenols not included) identified in shale oil are listed in Table 5 . It is clearly seen that these compounds began to be generated at the lowest temperature and made up a relatively big proportion in the products obtained at each temperature. The distribution of oxygen-containing compounds in Dachengzi shale oil was quite different from that in Mol and Bure oils obtained under different Curie-point pyrolysis conditions. The dominant oxygen-containing compounds in the pyrolysates of Mol and Bure kerogens were furanic derivatives, which were quite few in the Dachengzi oil shale pyrolysates. However, the ketones had the same existence form of n-alkan-2-one in the pyrolysates of all the three kerogens [27] . Ester is one kind of the most important oxygen-containing compounds in oil components. Rose et al. [37] studied the bitumen samples extracted from the Queensland oil shale and the results revealed that the transmission spectra showed a strong absorption at about 1735cm -1 (due to the C=O stretch of esters), which is quite consistent with the results obtained in this article. CH 3 COO-R esters were the major compounds of this kind existing in the oil components at the Curie-point temperatures equal to or above 423 °C. Ketones were abundant in the products obtained at temperatures higher than 315 °C. Through analysis of alcohols distribution, it was evident that there was a shift toward components with lower molecular weight as the temperature increased. In fact, oxygen-containing compounds are relatively thermo-sensitive, so that some of them are secondarily transformed at higher temperatures generating CO 2 [27] . The proportion of oxygen-containing Table5. (Continuation) compounds in oil is determined by the maturity of oil shale, which means that in the oil components from higher maturity oil shale pyrolysis, these compounds are less abundant.
Conclusions
A series of CP-GC-MS experiments were conducted on the Dachengzi oil shale at the Curie-point temperatures of 225, 280, 315, 386, 423, 485, 590, 650 and 764 °C. It can be noticed that the pyrolysis reaction of oil shale is slow when the Curie temperature is below 386 °C, and becomes intense above 423 °C.
Aliphatic hydrocarbons dominate in the oil components at all the nine Curie temperatures, their amount increases significantly with increasing temperature. n-Alkanes are present in the oils at all the nine temperatures, while cycloalkanes and alkenes appear in the oils evolved above 485 °C and 386 °C, respectively. The proportions of cycloalkanes and alkenes increase with the pyrolysis temperature, corresponding to the decrease of n-alkanes at higher temperatures as a result of the cleavage reaction of alkanes. Branched alkanes seldom exist in the oils owing to the cleavage of the C-C bond at the branched point.
Aromatic compounds are generated in high amounts when the temperature is above 485 °C. The molecule size of aromatic compounds decreases with the increase of temperature so that compounds with a carbon number bigger than 10 were found in the products above 590 °C. Most of the aromatic compounds formed in the oil components under fast pyrolysis conditions belong to alkyl-benzenes, and few are alkyl-naphthalenes.
The abundant existence of oxygen-containing compounds, including ketones, acids, alcohols, esters and phenols, reveals that oxygen-containing functional groups abound in kerogen. Generally, -COO-and -C=O are the two kinds of most abundant oxygen-containing functional groups in the kerogen of Dachengzi oil shale.
